Three new natural furanones, pulvinulin A (1), graminin C (2), and cis-gregatin B (3), together with the known fungal metabolites, graminin B (4) and 10-norparvulenone (5), were isolated from Pulvinula sp. 11120, an endophytic fungal strain occurring in healthy foliage of Cupressus arizonica (Arizona cypress). The structures of 1 and 2 were elucidated by the analysis of their spectroscopic data and chemical interconversions, and that of 3 was determined by comparison with data for synthetic cis-gregatin B. Comparison of spectroscopic data of 4 and 5 with those reported identified them as graminin B and 10-norparvulenone, respectively. Metabolites 1-4 exhibited antibacterial activity against E. coli.
In continuing our search for bioactive and/or novel secondary metabolites from endosymbiotic microorganisms of the Sonoran desert [1] , we have investigated an EtOAc extract derived from the solid (potato dextrose agar, PDA) culture of the endophytic fungal strain, Pulvinula sp. 11120, aff. Pulvinula archeri (Pyronemataceae, Pezizoymycetes, Pezizomycotina, Ascomycota) isolated from the healthy leaf tissue of the Arizona cypress, Cupressus arizonica (Cupressaceae). Herein we report the isolation and structure elucidation of three new natural furanone metabolites, pulvinulin A (1), graminin C (2), and cis-gregatin B (3), together with graminin B (4), and 10-norparvulenone (5) from Pulvinula sp. 11120 ( Figure  1 ). This constitutes the first report of metabolites from a fungal strain of the genus Pulvinula. 10-Norparvulenone (5) with antiinfluenza viral activity [2] has previously been reported from an endophyte of a mangrove plant [3] .
Natural furanones constitute a rare and a comparatively small class of biologically active fungal metabolites previously encountered in the fungal genera, Aspergillus [4, 5] , Cephalosporium [6] , and Penicillium [7] . Despite its simplicity, the central core of these metabolites has undergone several structural revisions over the past three decades. The core structure, 3-acyl-4-methoxyfuran-2(3H)one, the first proposed for these metabolites [8, 9] , was later revised to 4-acyl-3-methoxyfuran-3(2H)-one [10] , and finally to the currently accepted 4-(methoxycarbonyl)furan-3(2H)-one [11] . Several fungal-derived furanones have been reported to have phytotoxic [12] , antibacterial and antifungal activities [9] and implicated as the causal agents of stripe disease of wheat [12] and brown stem rot of adzuki beans [9] .
Pulvinulin A (1), [α] D 25 +108, was obtained as a colorless oil, the molecular formula of which was determined to be C 18 H 28 O 4 on the basis of its HRESIMS (m/z 331.1851 [M+Na] + ; calcd 331.1880), accounting for five degrees of unsaturation. 1 H and 13 C NMR spectra together with HSQC data of 1 indicated the presence of a tertiary methyl [δ H 1.37 (s); δ C 21.6], two primary methyls, one methoxyl, five methylenes, two methines of which one is oxygenated [δ H 3.28 (d, J = 10.4 Hz); δ C 75.9], four olefinics, an oxygenated quaternary carbon (δ C 83.6), one ketone carbonyl carbon (δ C 208.3) and an ester carbonyl carbon (δ C 167.6). The presence of two spin systems, CH 3 CH 2 CH 2 CH 2 CH 2 CH(O)CH− and CH 3 CH 2 CH=CH−CH=CH− in 1 was evident from its 1 H− 1 H COSY data ( Figure 2 ). The connectivity of these spin systems, tertiary methyl, methoxycarbonyl, and non-protonated carbons was established by analysis of the HMBC data ( Figure 2 ). HMBC correlations of H-1'/C-4 and H-1'/C-5 established the connectivity between C-5 and C-1'. Tertiary methyl protons (δ H 1.37) showed HMBC correlations to the ketone carbonyl (C-4) and C-1' placing the tertiary methyl at C-5. HMBC correlations of H-3/C-4, H-2/C-3, and H-2/C-4 established the connectivity between C-3 and C-4. Placement of the methoxycarbonyl group at C-3 was supported by the HMBC correlations of H-2 and H-3 to each other and to this carbonyl carbon (C-1'"). Since two double bonds, and ketone and ester carbonyls accounted for four degrees of unsaturation, 1 should possess a monocyclic framework. Based on its molecular formula and the presence of a ketone and an ester functionality accounting for 3 of the 4 oxygen atoms in 1 suggested that the two oxygenated carbons C-2 and C-5 were linked to each other through a common oxygen atom to form a furan ring system. The E configuration for Δ 1',2' and the Z configuration for Δ 3',4' double bonds in 1 were assigned based on their 3 J HH values of 15.2 Hz and 11.2 Hz, respectively. These data indicated that 1 possessed a structure similar to that of graminin B (4), also encountered in this study (see below) and recently reported as a metabolite of the fungus, Paraconiothyrium sp. [13] . The only difference between 1 and 4 was found to be the absence of a Δ 2,3 double bond in 1. Thus, 1 was suspected to be a 2,3-dihydro derivative of graminin B. The ROESY spectrum of 1 showed cross peaks among 5-CH 3 , H-2 and H-3 suggesting that these have co-facial orientation ( Figure 1 ). Catalytic hydrogenation (H 2 /Pd-C) and acetylation (Ac 2 O/pyridine) of pulvinulin A (1) afforded its tetrahydro derivative 6 and the enol acetate 7 (Figure 3 ), respectively, further supporting the proposed structure 1 for this metabolite. The absolute configuration of the only chiral center (C-5) in graminin B (4) was assumed to be R by comparison of its [α] D data with known furanones [13] . However, the presence of three chiral centers (C-2, C-3, and C-5) in pulvinulin A (1) precluded the use of its [α] D value for this purpose. Biosynthetically, 1 may share a common pathway with 2-4 co-occurring in Pulvinula sp. 11120 suggesting that these would bear the same absolute configuration at C-5. Since 2-4 have been determined to have R configuration at C-5 (see below), pulvinulin A (1) may be assumed to have the same absolute configuration at this position. Thus, the structure of pulvinulin A was established as methyl (2S,3R,5R)-5-[(1'E,3'Z)-hexa-1,3-dienyl]-5-methyl-4-oxo-2pentyl-2,3,4,5-dihydrofuran-3 carboxylate (1). 13 C NMR data, accounting for seven degrees of unsaturation. The 1 H and 13 C NMR data of 2 were almost identical with those of graminin B (4) [13] except that 2 contained an additional double bond which was placed at C-1"(2") based on its NMR data (see Experimental). Because of its structural relationship to graminin B (4), metabolite 2 was given the trivial name graminin C. Catalytic hydrogenation of 2 afforded 8 (Figure 3 ), which was shown to be identical with the hydrogenation product of 4, further supporting their structural relationship. The optical rotation value of 8 ([α] D 25 64) was found to be almost identical to that of the hydrogenation product of 4 ([α] D 25 61) suggesting both 2 and 4 may be assumed to have the same absolute configuration at the only chiral center (C-5) of these molecules. Since the absolute configuration at C-5 of 4 has been assumed to be R [13] , the absolute configuration at C-5 of 2 may tentatively be assigned as R. Thus, the structure of graminin C was established as methyl (5R)-5-
Comparison of the 1 H and 13 C NMR data of the metabolite 3, [α] D 25 +168, with those reported for synthetic cis-gregatin B [11] suggested that they are identical with each other. The absolute configuration at the only chiral center (C-5) in synthetic 3 was established as R based on the absolute configuration of the starting materials used for its synthesis, but its [α] D value has not been determined due to the lack of sufficient material [11] . Catalytic hydrogenation of 3 afforded its new derivative, 1'(2'),3'(4')tetrahydro-gregatin B (9) (Figure 3 ), [α] D 25 57. Metabolites 4 and 5 were identified as graminin B [13] and 10-norparvulenone [3] by comparison of their spectroscopic data with those reported. Antimicrobial activity of furanones 1-4 against Escherichia coli ATCC 25922 was evaluated using the agar diffusion method [14] . Diameters of the inhibition zones were measured after incubation for 24 h at 37 o C. Ampicillin was used as the positive control. The activity data (Table 1) suggested that the antibacterial activity of these metabolites depended on the number of double bonds that are in conjugation with the carbonyl moiety of the furanone ring. 13 C NMR using residual CHCl 3 as the internal standard. The chemical shift values (δ) are given in parts per million (ppm), and the coupling constants are in Hz. High resolution MS were recorded on a Bruker 9.4T FT-ICR spectrometer. Column chromatography was performed on either silica gel (40 μm for flash chromatography; J. T. Baker) or Sephadex LH-20 (25-100 μm; GE Healthcare). Analytical and preparative thin-layer chromatography (TLC) were performed on pre-coated 0.20 mm thick plates of silica gel 60 F 254 (Merck). Compounds were visualized by spraying with a solution of anisaldehyde and conc. H 2 SO 4 in glacial acetic acid followed by heating. Preparative HPLC was performed on a Waters Delta Prep 4000 system equipped with a Waters 996 photodiode array detector and a Waters Prep LC controller utilizing Empower Pro software and using a RP column (Phenomenex Luna 5 μm, C 18 , 100Å, 250×10 mm); chromatograms were acquired at 254 and 270 nm.
Fungal isolation and identification:
Endophyte 11120 was isolated from fresh, healthy, surface-sterilized foliage of Cupressus arizonica collected from a mature tree in an arboretum setting in Tucson, AZ, USA (for isolation details, see [15] ). The strain was accessioned as a living mycelial voucher at the Robert L. Gilbertson Mycological Herbarium (MYCO-ARIZ, 11120) at the University of Arizona. Total genomic DNA was isolated from fresh mycelium and the nuclear ribosomal internal transcribed spacers and 5.8s gene (ITS rDNA; ca. 600 base pairs [bp]) and the adjacent portion of the nuclear ribosomal large subunit (LSU rDNA) were amplified as a single fragment by PCR, as described in [15] . The positive amplicon was cleaned, normalized, and sequenced bidirectionally as described previously [15] . The resulting sequence has been deposited in GenBank (accession GQ153099.1). Because the isolate did not produce diagnostic fruiting structures in culture, four approaches were used to tentatively identify it using molecular sequence data. First, we compared the entire sequence with the GenBank database using BLAST (blastn) [16] . The top 100 BLAST matches were to unidentified fungi, and uncultured fungi for which no taxonomic information was available. The ITSrDNA and LSUrDNA portions of the sequence were then BLASTed separately. The majority of top matches for the ITSrDNA portion were to either unidentified fungi or to Pulvinula species for which no voucher data were available. Top matches for the LSUrDNA portion included many unidentified fungi but also suggested an affinity with a well-identified specimen of Pulvinula archeri (100% query coverage, 100% identity; DQ220392.1) [17] . The LSUrDNA portion of the sequence was further evaluated using the naïve Bayesian classifier for fungi [18] available through the Ribosomal Database Project (http://rdp.cme.msu.edu/). The Bayesian classifier suggested placement within the genus Pulvinula (Pyronemataceae, Pezizales, Pezizomycetes, Pezizomycotina, Ascomycota) with 100% support. To clarify further the phylogenetic placement of the strain, we downloaded the top 100 matches for the LSUrDNA BLAST, augmented with taxa closely related to P. archeri [17] . The resulting data set of 164 terminal taxa, with Caloscyphafulgens as the outgroup, was aligned automatically using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/) with default parameters. The alignment was trimmed to consistent starting/ending points and adjusted manually in MacClade [19] prior to analysis. The final data set was analyzed using maximum likelihood in GARLI [20] using the GTR+I+G model of evolution as determined by Model Test [21] , followed by a bootstrap analysis with 100 replicates. Taxon sampling included Pulvinula archeri, P. convexella, P. ovalispora, and P. constellatio, as well as species of Smardaea, Anthracobia, Trichophaea, Tricharina, Pyronema, Lasiobolidium, and Greletia. The resulting topology placed strain 11120 in a well-supported clade with P. archeri and a diversity of endolichenic fungi from Arizona [22] (data not shown). We therefore designate the strain Pulvinula sp. 11120, aff. P. archeri, pending full morphological analysis.
Culturing and isolation of metabolites:
For the isolation of secondary metabolites, Pulvinula sp. 11120 was cultured in 18 T-flasks (800 mL) each containing 135 mL of PDA on 4 sides of the flasks maximizing the surface area for fungal growth (total surface area/flask ca. 460 cm 2 ). After incubation for 28 days at 28 o C, each PDA culture was freeze-dried. The resulting mass was shaken with EtOAc (1.0 L) for 1 h and sonicated for 30 min, and the resulting extract was filtered through Whatman No. 1 filter paper. This procedure was repeated two more times. The combined EtOAc extracts was evaporated under reduced pressure to afford a dark brown gum (5.78 g). A portion (1.4 g) of this EtOAc extract was chromatographed over a column of silica gel (30.0 g) made up in hexanes and eluted with hexanes containing increasing amounts of EtOAc, EtOAc, and EtOAc containing increasing amounts of MeOH, followed by MeOH. One hundred and twenty six fractions (20 mL each) were collected and those having similar TLC patterns were combined to give 10 major fractions [F 1 (18. . 1 H and 13 C NMR data were fully consistent with those reported [3] . 
Catalytic hydrogenation of pulvinulin A (1):

Catalytic hydrogenation of graminin B (4):
To a solution of 4 (3.0 mg) in EtOH (1.0 mL) was added 10% Pd on C (1.0 mg) and stirred under atmosphere of H 2 for 30 min. The reaction mixture was filtered, the filtrate evaporated under reduced pressure, and the residue was purified by preparative TLC using EtOAc/hexane (1:4) as eluant to give tetrahydrograminin B (2.9 mg) having 1 H and 13 C NMR, and MS data identical with those of hexahydrograminin C (8) obtained above. Colorless oil.
[α] D 25 : 61 (c 0.3, CHCl 3 ).
Antimicrobial assay:
This was carried out as described previously [14] . Briefly, a single colony of Escherichia coli ATCC 25922 was transferred to a 125 mL Erlenmeyer flask holding sterile LB Furanones from Pulvinula sp. 11120
Natural Product Communications Vol. 10 (1) 2015 111 medium (25 mL) and incubated overnight on a rotary shaker operating at 37 o C and 250 rpm. Absorption of the culture was measured (at 600 nm) and adjusted to 0.8, and the culture was plated on PDA plates (13 cm diameter). Five wells (6 mm diameter) were made in the plates with a cork borer, substances were dissolved in DMSO-MeOH (1:1, 100 μg/mL), and 50 μL samples were placed in each well. Ampicillin was used as a positive control and DMSO-MeOH (1:1) was used as the negative control.
Diameters of inhibition zones were measured after incubation for 24 h at 37 o C.
